NMR study of the Mott transitions to superconductivity in the two CssCeo phases 
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We report an NMR and magnetometry study on the expanded intercalated fulleride CsaCeo in 
both its A15 and face centered cubic structures. NMR allowed us to evidence that both exhibit a 
first-order Mott transition to a superconducting (SC) state, occuring at distinct critical pressures pc 
and temperatures Tc. Though the ground state magnetism of the Mott phases differs, their high T 
paramagnetic and SC properties are found similar, and the phase diagrams versus unit volume per 
Ceo are superimposed. Thus, as expected for a strongly correlated system, the inter-ball distance is 
the relvevant parameter driving the electronic behavior and quantum transitions of these systems. 

PACS numbers: 71.30.+h, 74.70.Wz, 74.25.nj 



High transition temperature (Tc) superconductivity 
(SC) in the vicinity of magnetic phases is rather com- 
monly found nowadays, especially in materials involv- 
ing transition metal ions. There, the incidence of the 
spin fluctuations on the SC state and the symmetry of 
its order parameter is being highly debated and various 
possibilities have been considered depending whether the 
electronic states involved at the Fermi level reside on a 
single orbital (as in the cuprates) or multiorbital occu- 
pancy occurs (as for Fe pnictides). 

Alkali doped fullerides A^Cqq {A — alkali ion) repre- 
sent a distinct family of HTSC in a multiorbital case, as 
the lowest unoccupied Ceo molecular orbitals (named ti„) 
are sixfold degenerate [l|]. The importance of electron 
correlations in AnCgo compounds has been suggested 
first from the detection of insulating states for even n, 
contrary to the expected metallicity for any 1 < n < 5 
in an independent electron picture. On-ball localization 
of pairs of electrons is favored by the energy gain due to 
Jahn- Teller ( JT) distorsions of the charged Ceo molecules 
which adds to the coulomb energy U. The occurrence 
of this Mott Jahn- Teller insulator Q, in which Hund's 
rule is violated, has been confirmed by the observation 
by NMR of a spin gap due to singlet-triplet excitations, 
smaller than the optical gap, for both crystal structures 
of A4C60 and Na2C6o Furthermore for n = 1, in 
fcc-CsCeo, the observation of charge segregation of sin- 
glet electron pairs on a sizable fraction of the Ceo balls 
at low T has been an even more direct evidence that 
electron pairs are favored by JT distortions 

For n = 3, JT distortions were expected to be less ef- 
fective. So the s-wave SC evidenced in the fcc-AsCeo, 
and the scaling of Tc with the distance between Ceo balls 
has been interpreted by most researchers as purely BCS, 
driven by on ball phonons, with weak incidence of elec- 
tronic correlations jl|. The effort to increase Tc by ex- 
panding the Ceo lattice has, however, led to the discovery 
of various magnetic compounds, such as (NH3)2;K3Ceo, 
which displays a Mott transition to a SC state under 
pressure [6|. But one was still led to suspect that this 



behavior could be attributed to a lifting of the degen- 
eracy of the tiu levels by the pecuhar lattice structure 
required to expand the Ceo lattice The most ex- 
panded fulleride CssCeo had been found to become SC 
under pressure (p), with Tc ~ 40 K ^8], but it has only 
recently been shown that this occurs in a cubic A15 struc- 
ture [9[. A renewed interest arises then as this phase is 
antiferromagnetic (AF) at ambient p, with = 47 K 
[lo| . and undergoes a Mott transition to a metallic state 
for p ~ 4 kbar. It is then of great interest to find out 
whether the electronic properties of AlS-CsaCeo exhibit 
any difference with those of other fcc-AaCeo phases. 

Ganin et al. indicated that the low-temperature reac- 
tion process @ used to synthesize AlS-CsaCeo produces 
mixed phases including fcc-CssCeo and body centered 
orthorhombic bco-Cs4Ceo- Using the spectroscopic ca- 
pabilities of ^■^'^Cs NMR experiments, we sorted out the 
signals from the two CsaCeo isomers in such mixed-phase 
samples. Taking that in advantage, we report in this let- 
ter the first direct comparison, and demonstrate that a 
Mott transition to SC occurs as well in fcc-CsaCeo- At 
ambient pressure, we evidence the decrease of spin freez- 
ing temperature for the fee as compared to that of the 
A15 phase and associate it with the geometrical frustra- 
tion of the former lattice. The occurrence of a Mott tran- 
siton is shown to be independent of the crystal structure 
and of the specific Ceo ball orientational (merohedral) 
disorder present in fcc-CsaCeo- This confers then a very 
important place to these phases in helping to reach an 
understanding of SC in the vicinity of magnetic phases. 

^■^■^Cs NMR spectra of the two phases. — We could syn- 
thesize mixed-phase samples and selected three of them 
with significantly differing phase contents, labelled Al 
and A2 for A15 rich and Fl for the fee rich. Their com- 
positions are Al (58.4, 12, 29.5), A2 (41.7, 12, 46.5) , 
Fl( 34, 55, 11), where the % contents in formula units 
are given respectively for the A15, fee and bco phases. 
As ^■^'^Cs has a nuclear spin / = 7/2, its NMR spectrum 
is sensitive to the local site symmetry through the cou- 
pling of the nuclear quadrupole moment with the electric 
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FIG. 1: a) The A15 "'^Cs NMR spectrum taken at ambient 
pressure displays a seven-peak powder NMR spectrum (ar- 
rows), with a quadrupole sphtting of ~ 39 kHz at 100 K, and 
a shght asymmetric spectral shape originating from a Knight 
shift anisotropy. b) ^''"^Cs NMR spectra for the fee phase dis- 
playing the octahedral O and tetrahedral sites peaks, T and 
T'. c) and d) The spectra are found nearly unmodified at 7.6 
kbar when both phases are metallic (see text). 



field gradient (EFG) induced by the local charge distri- 
bution. So in the A15 phase the single NMR site dis- 
plays a quadrupole-split seven-line spectrum (Fig. [T^), 
as the unique Cs site displays a non-cubic local symme- 
try In the fee phase, the unit cell contains two alkali 
sites, with occupancy ratio 1:2 for the octahedral (O) and 
tetrahedral (T) sites. Their local symmetry being cubic, 
the EFG vanishes and each site has a narrow non-split 
signal. A peculiarity evidenced by NMR in all for- 
merly known fcc-AaCgo is that the tetrahedral site splits 
into two sites (T and T') which have been assigned to the 
merohedral disorder of Cgo balls [l^. The detection in 
sample Fl of these three lines (Fig. [T|d) establishes then 
the identical structure of fcc-CsaCgo- This difference in 
NMR spectra allowed us, as done indeed in Fig. [U to 
detect selectively the ^^'^Cs NMR of a given phase. Let 
us point out, as will be discussed later, that the data of 
Fig. [TJ: demonstrates that these structures are not mod- 
ified under pressure. 

Paramagnetism at ambient pressure. — SQUID data on 
all samples do not display any superconductivity for p ~ 
1 bar, and only exhibit a paramagnetic susceptibility 



X{T) ^Xorb + Xs{T), 

which includes an orbital term and a T dependence due 
to the spin magnetism of unpaired electrons. The data 
were similar to those attributed to the A15 phase [lo| . 
Comparisons between the two phases are possible from 
analyses of the ^■^C NMR spectra, as the NMR shift in- 
volves also orbital and spin components 

Here, index a refers to the direction of the appplied 
field B with respect to local axes on the ^'^C site. In- 
deed, both i^orj due to the orbital magnetism of the sp"^ 
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FIG. 2: (color on line) Ambient pressure data taken in sam- 
ples Al and Fl for the A15 and fee phases, a) Similar vari- 
ations above lOOK of the anisotropic shift contribution K^^ 
to the ^"^C spectra (definition recalled in the inset). The scale 
chosen on the right for x (black dots, SQUID data on Al) em- 
phasizes the linear relation with isT'"'. b) ^^^Cs (TiT)"^ data 
for the fee phase T site and the A15 phase have similar high 
T variations but differ markedly near and below their ordered 
magnetic states. The spin freezing is monitored in the inset 



by the variation of the C and 
on sample Fl(see text). 



Cs signal intensities taken 



bonding electrons and Kf{T) associated with the 
spin magnetization of electrons in the ti„ orbitals are 
anisotropic [15[ . The random orientation of the balls with 
respect to B gives a typical ^^C powder NMR spectrum, 
with two singularities for and if" which correspond 
to B directions _L and || to the tangential plane to the 
Geo ball at the ^^G site, as shown in the inset of Fig. [2^. 
One can notice there that, at T = 160 K, the spectra are 
identical for the A15 and fee rich samples. 

Furthermore, in Fig. [5^ the T variations of the 
anisotropy K'^^ — 2{K^ — ifll)/3 , which is obtained 
from fits of the spectra, cannot be dijjerenciated for the 
two phases above 100 K and track those of SQUID data 
for X taken on sample Al. The deduced data for Xs{T) 
are then intrinsic and similar for both phases and can 
be fitted above 100 K with a Gurie- Weiss law with an 
effective moment pcs = 1.52(5) /is per Geo and a Weiss 
temperature Qw — —70 ± 5 K. Such a value for poff let 
us suggest that the Ggg" ion is in a low spin state in the 



fee phase as established before for the A15 phase |10l.lll| 
Magnetic ordering at ambient pressure. — For all sam- 
ples the SQUID data exhibits a sharp increase of magne- 
tization at r = 47 K due to the AF state of the fraction 
of A15 phase as shown in Fig. [5^. We also detected the 
increased linewidth of the A15 phase ^■^'^Gs NMR signal 
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FIG. 3: (color on line) SC diamagnetism is detected at a lower 
Pc for the sample Fl than for A2 (nearly pure A15). The 
arrows point the values of Tc{p) deduced by extrapolation of 
the sharp T dependent diamagnetism (slightly smaller than 
the onset values). The diamagnetic magnetization at lOK 
(extrapolated for some p values) is displayed in the inset for 
both samples. The magnetic volume fraction is also shown 
for the A15 phase. 



found in Ref. US lul l. We could as weW find in the A15 
rich sample that the magnetization on the Cgo ball in- 
duces such a large broadening of the ^^C NMR that its 
intensity, detected within a small frequency vifindow of 
100 kHz (that is 0.01 T), vanishes below Tn = 47 K. 
This allowed us then in sample Fl, after the loss of the 
A15 fraction (- 40 %), to isolate below 47K the fee ^^C 
NMR. The paramagnetism of this phase, given by K'^^, 
decreases slightly with respect to its high T value, as seen 
in Fig. Hi. 

Spin freezing in the fee is only detected below T/ ~ 10 
K from the sharp intensity drops of both the^'^C and 
the fee- specific ^■^'^Cs NMR signal, shown in the insert 
of Fig. [2Jd. This latter observation establishes that in 
the fee- frozen spin state the internal field on the ^^'^Cs 
site is much larger than that in the A15 AF phase for 
which the integrated intensity over a 100 kHz window 
only slightly declines below T/v- This confirms that the 
transferred internal field on ^^'^Cs is partly compensated 
in the A15 AF phase due to the bipartite body centered 
lattice symmetry [ill] . On the contrary this large internal 
fields on -'^'^^Cs and the small Tf value give evidence that 
the fee phase magnetic state is influenced by the inherent 
frustration of the fee lattice. 

To compare the dynamical magnetic properties, ^^'^Cs 
spin lattice relaxation Ti data have been taken on the 
two phases. In the fee, the less shifted O site could only 
be resolved above 50 K, and its Ti scales by a factor 




FIG. 4: (color on line) Phase diagram reporting the critical 
temperatures (a) versus p, (b) versus Vceo- The pressures pc 
of the Mott transitions shown as dotted lines in (a) merge 
into the gray area in (b). There we reported for comparison 
the former data on A15 phase [lO| as a dotted lirie, and on 
the other fee- A3 Ceo as empty downward triangles [la ]. 



three with that of the T site, as seen in Fig. [2b- So 
both sites sense the same magnetic fluctuations through 
distinct hyperfine couplings. For the T site, (TiT)^^ 
follows in the paramagnetic regime a similar variation 
as that seen in the A15 phase. There, below ~ 47 
K a sharp gap in the spin excitations is detected and 
the data can be fitted with {TiT)-^ oc exp(-A/fcBr), 
with A ~ 50 K (full line on Fig. [Jb). On the contrary 
in the fee phase {TiT)~^ remains nearly constant down 
to 10 K and even displays a fast increase for the ^'^■^Cs 
nuclear spins which are not submitted to a large static 
field. This persistence of spin fiuetuations at low T is 
also to be linked to frustration effects. 

SC phases under pressure and phase diagram. — SC 
diamagnetism could be probed in situ by monitoring the 
shift of the NMR coil tuning frequency (/ ~ 28 MHz). 
This allowed us to estimate the SC volume fractions, 
as we kept the geometry unchanged during the pressure 
sweeps. We find here that the fee phase displays a tran- 
sition to a SC state at 3.9 kbar (sample Fl), while this 
occurs only above 5.5 kbar in the A15 rich (A2), which 
points out that the critical pressure Pc for the magnetie- 
SC transition is lower for the fee phase than for the A15. 
This can be seen in the insert of Fig. [3l where the magni- 
tude of the diamagnetic signal measured at 10 K is plot- 
ted versus p. It is as well compared for the A15 phase 
with the magnetic volume fraction estimated from the 
^^•^Cs NMR. The abrupt loss of magnetism above 7 kbar 
and onset of SC above 6 kbar points for the first order 
AF/SC phase boundaries at Pc — 6.5(5) kbar in the A15 
and Pc — 3.5(5) kbar in the fee phase. 

We can then report the {p, T) phase diagrams in 
Fig. [4^, and do find in Fig. [IJj that Pc and merge to- 
gether for the two CssCeo phases if plotted versus Vcg,, , 
the unit volume per Cgo ball fTTj. There, we can as well 
compare the present Tc data with former results on the 
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FIG. 5: T variations of (TiT)"! for ^^^Cs and ^=^0 (left scale) 
and of the ^'^''Cs shift K (blue empty diamonds right scale) in 
the A15 phase above Pc- The magnitude of the T site ^^"^Cs 
relaxation rate in the fee compound is found similar to that 
obtained in the A15 compound (see text). 



other fcc-AaCgo, and we evidence that a similar maxi- 
mum of Tc versus Vc^o applies for the two structures. 

Let us now consider the NMR data taken at high 
enough p, for which both phases become SC at low T. It 
is first clear, as seen in Fig. [U that the spectra above Tc 
do not differ from those taken at one bar. This absence of 
structural modification for both phases establishes then 
that the evolution with p only implies electronic degrees 
of freedom. 

In the metallic state, a Korringa-like T independent 
TiT is seen above Tc for the two phases as shown in 
Fig. [5] The constant values are similar for ^■^'^Cs in the 
A15 as for the T site of the fee, which displayed similar 
Ti in the paramagnetic phases as well (Fig. [^b)- This 
points that the spin dynamics has comparable evolution 
with pressure in the two phases. In the A15, the open- 
ing of the SC gap at Tc, as detected from the onset of 
decrease in the ^^'^Cs Knight shift ^^^K, occurs slightly 
above the observed decrease in (riT)~^for both ^■^C and 
^^•^Cs nuclei. This result perfectly mimics the observa- 
tions done in high applied fields in the other fcc-AsCgo 
compounds (3]. There, such a persistence of spin exci- 
tations slightly below Tc are remnants of the s-wave BCS 
like Hebel-Slichter coherence peak , which is damped 
in high fields and could only be fully revealed from low 
field data 

Summary and discussion. — In conclusion we have 
shown here that the magnetic ground states of the 
CsaCeo phases are quite distinct at ambient pressure. 
The reduction of ordering temperature and the persis- 
tence of low-energy spin fluctuations at low T in the fee 
phase can be assigned to the frustration effects inherent 
to this structure and its merohedral disorder. We further 
evidenced that no major crystal structure modification 



occurs under pressure as shown as well from x-ray spec- 
tra in the A15 phase So the low T transition from a 
magnetic to a SC state, which appears to be of first or- 
der, is fully determined by electronic parameters in both 
cases. Comparison of the phase diagrams demonstrates 
that the crititical pressure pc for the transition occurs for 
a similar value of the volume per Cgo ball Vceo i which 
highlights the Mottness of the transition to be opposed 
to a CDW/SDW transition, which should sensitively de- 
pend on lattice and Fermi surface symmetry. 

Our data evidences that fcc-^sCgo compounds exhibit 
a dome behavior of Tc(Vcgo)i identical to that found in 
the A15 phase under pressure. This unexpected feature 
in a purely BCS s-wave scenario dominated by a density 
of state variation is then quite generic. Our result gives 
then weight to the theoretical attempts to take correla- 
tion and JT effects into account in these systems [20| . 
which did suggest such a behavior beforehand. We are 
presently investigating the evolution of the spin dynam- 
ics accross the Mott transition, which should permit more 
thorough comparisons with such theoretical approaches, 
and hope that the present work will trigger diverse other 
experimental studies of the electronic properties of the 
CsaCgo phases across the Mott transition. 
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